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Abstract: This study compares the performance according to a working fluid, the number of battery
cooling block ports, and header width required for cooling according to the application of the direct
contact single-phase battery cooling method in a 1516P battery module and examines the battery
cooling performance according to the flow rate under the standard and summer conditions based
on an optimized model. The analysis result verified that R134a showed low-pressure drop and high
cooling performance as the working fluid of the direct contact single-phase cooling system in the
1S16P battery module, and R134a showed the best cooling and stability when applied with three
ports and a 5 mm header. In addition, under 25 °C outdoor conditions, the maximum temperature
of the battery and the temperature difference between the batteries at 3 and 5 Ipm excluding 1 Ipm
are 30.5 °C, 4.91 °C, and 28.7 °C, 3.28 °C, indicating that the flow rate of refrigerant was appropriate
for battery safety. In contrast, in the summer condition of 35 °C, the maximum temperature of the
battery and temperature difference between the batteries were 38.8 °C and 3.27 °C at the R134a flow
rate of 5 Ipm or more, which was verified as a stable flow condition for battery safety.

Keywords: battery thermal management; direct cooling; cylindrical battery; cooling performance;
single phase cooling

1. Introduction

As greenhouse gas emissions and the depletion of natural resources have become
major issues in recent years, there is increasing interest in developing and applying eco-
friendly energy to solve energy problems. Now, in the transportation industry, conventional
internal combustion engine vehicles, which account for 49% of the existing fossil fuel oil
resources and is the largest energy consuming and fastest growing sector in the world,
are being replaced by eco-friendly energy vehicles [1,2]. In addition, many countries are
investing much effort in achieving the goal of zero carbon emissions by 2050. In particular,
the electric cars and battery industry have grown significantly to contribute to achieving
zero carbon emissions through international agreements in the automobile industry [3].
Electric cars use lithium-ion batteries mainly for power sources, and lithium-ion batteries
are a key element in energy storage and automobiles, having advantageous properties,
such as high energy density, lightweight, no memory effect, and low-self-discharge rate [4].
However, in lithium-ion batteries, the operating temperature changes significantly due
to electrochemical reactions during charging and discharging time, which directly affects
the performance and lifespan of the battery. Hence, a cooling system to control the heat
generation of the battery is essential [5].

In general, the safe operation and management temperature of a battery should be
2040 °C and the temperature difference (TD) between batteries should be maintained at
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5°C or less [6]. Failure to adequately cool or control the heat generation of lithium-ion
batteries results in reduced capacity and performance degradation of battery batteries due
to the increase in temperature non-uniformity between battery cells and pack temperatures,
which may lead to thermal runaway [7,8]. Wang et al. [9] experimentally tested the per-
formance of the lithium-ion batteries according to the charge/discharge cycle when the
ambient air temperature was 25 °C and 45 °C, respectively, and reported that the battery
charge capacity decreased significantly over time, and specifically at high temperatures.
In addition, it was verified that after 200 cycles, the capacity of the battery decreased to
21.3% and 22.6%, respectively, under the condition that the ambient air temperature was
25 °C and 45 °C. Li et al. [10] analyzed the change in internal structure due to mechanical
deformation of 21700 lithium-ion batteries using X-ray computer tomography technology.
As a result, as the mechanical deformation and the charge/discharge cycle increase, the
internal resistance of the lithium-ion battery increases, and the capacity and state of health
of the lithium-ion battery decrease significantly. Sun et al. [11] conducted experiments
and analyzed the mechanical deformation characteristics against overcharging in 72 pouch
battery modules. They reported that it is very important to prevent mechanical deforma-
tion of lithium-ion batteries because the pouch cell is deformed even at a low temperature
(below —60 °C), and the volume change offset is 277% under internal pressure of 32,434 Pa.
Supported by various study results, a battery thermal management system (BTMS) that
maintains a constant temperature inside the battery, prevents mechanical deformation, and
dissipates heat is essential for the normal operation of the battery.

The current study of battery cooling systems consists mainly of air cooling [12,13],
liquid cooling [14,15], phase change material (PCM) cooling [16,17], and heat pipe cool-
ing [18,19]. Air cooling poses no risk of leakage, such as liquid cooling. In addition, since
cooling is performed using air, there are advantages, including the low maintenance cost,
simple structure without a cooling loop, and low weight and energy consumption. How-
ever, due to the low heat capacity and thermal conductivity of air, the long-term high C-rate
charge and discharge, high ambient temperature, and the like may cause problems such as
battery malfunction or overheating [20]. Compared to air cooling, liquid cooling is more
complex, heavy, and expensive to build but exhibits excellent cooling performance with a
compact structure, high thermal capacity, and thermal conductivity [12]. In addition, the
PCM-based cooling system has a significant advantage in terms of temperature distribu-
tion uniformity of the battery to be utilized as a cooling system. However, developing a
single-PCM-BTMS is limited due to low thermal conductivity, structural instability due to
leakage, and phase change. However, the PCM-BTMS system can be applied to batteries
as a composite PCM [5]. Finally, due to its flexibility, low maintenance, and high thermal
conductivity, the heat pipe cooling system rapidly expands within industries, including
BTMS [21]. Such heat pipe-based cooling has not been applied in the battery thermal
management field due to inefficient heat pipe and immaturity in the production standards
and equipment, and remains in the research stage [22].

Other than the thermal management system presented above, a study on a refriger-
ant cooling system using a refrigerant is being conducted, and in the case of an electric
vehicle, it can be applied as a system to expand a refrigeration system of a conventional
air conditioning system, which has the advantage of reducing the cost. However, the
refrigerant used in the heating, ventilation, and air conditioning (HVAC) system has to be
maintained at a higher pressure than the liquid-cooling system. It is not easy to apply due
to the design or control of the system. Shen et al. [23] conducted a study on improving the
cooling performance of battery packs through indirect cooling using R134a and a cooling
plate to study the refrigerant cooling system. As a result of the change in the flow rate and
C-rate of the refrigerant, the maximum temperature (MXT) of the battery can be controlled
within the safe operating temperature range, and a method for improving the thermal
performance of the large battery pack to prevent from thermal runway expansion of the
cell was proposed. Hong et al. [24] conducted a study on the thermal characteristics of
batteries by comparing the performance of liquid cooling and refrigerant cooling systems
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under actual vehicle conditions. It was suggested that the two-phase refrigerant cooling
method is more efficient than liquid cooling as refrigerant cooling provides 16.1% higher
battery charge capacity and 15.0% lower internal resistance than liquid cooling, even in
extreme environments.

Liquid cooling or refrigerant cooling system may be classified into direct-contact and
indirect-contact cooling methods. Manufacturers widely use indirect cooling in the EV field
in various BTMSs, including Audi, Tesla, GM, BMW, and Ford [25]. Xie et al. [26] analyzed
the indirect liquid cooling system using an aluminum plate on the top and bottom parts
of the battery module. They reported that it is an effective cooling technology that can
optimize the thickness and flow rate of the cooling plate and maintain the MXT of the
battery below 31.8 °C at a 3 C-rate. Chen et al. [27] proposed a 7-channel-based parallel
liquid cooling system at the bottom of the battery and analyzed thermal performance and
energy costs through an analytical study. They reported through analysis that the MXT,
TD, and energy cost of the battery at 2.5 C-rate are 33.1 °C, 0.9 °C, and 17.29 ], respectively,
which are effective cooling technology. Lu et al. [28] proposed an indirect liquid cooling
method through a one-stage Tesla valve on the side of a battery and analyzed the valve
angle, channel distance, and coolant effect at a 3 C-rate. Based on the analysis result, they
suggested that it is an efficient cooling technology that can maintain the MXT of the battery
below 30.5 °C. As such, indirect liquid cooling is performed using a working fluid obtained
by mixing liquid with ethylene glycol to avoid electrically short-circuited and chemical
erosion. However, these devices increase the non-uniformity of temperature distribution
inside the battery pack and the cost and complexity of the battery due to a decrease in
thermal conductivity. In addition, the battery performance and life cycle can be degraded
significantly due to the non-uniformity of temperature distribution between the battery
and the other battery [29].

Contrarily, direct-contact cooling does not require a channel design process of the
working fluid and provides compactness and high efficiency compared to indirect contact
cooling with high heat transfer performance. Nevertheless, direct contact BTMS has not
been widely used [30]. In direct contact cooling, liquid usage is limited due to electrical
and chemical reactions caused by direct contact with the battery and problems such as
liquid leakage. However, various studies are currently conducted to apply direct contact
cooling to battery systems. Tan et al. [25] designed a direct contact cooling system adopting
HFE-6120 dielectric coolant under 3 C-rate conditions and analyzed the effect through
system optimization. The study presented the results of improving the battery’s MXT and
temperature deviation by 18.1% and 25.0%, respectively, and provided direct contact cooling
design guidelines. In addition, Wu et al. [29] designed a direct contact cooling system
using silicone oil and reported that the MXT increment rate of a battery was significantly
reduced by 20% to 30% compared to indirect contact cooling, which showed more efficient
performance. Liu et al. [30] conducted theoretical and experimental verification with a
direct contact cooling battery system using transformer oil (TO) at a 2 C-rate discharge
rate, analyzed the effect of change in flow rate on performance, and Al Zareer et al. [31]
established a direct contact refrigerant-based thermal management system using R134a
refrigerant-based analyzed under 5 C-rate conditions. The result verified that when the
working fluid covers 40% or more of the battery, the battery system is maintained below
30 °C to design a stable system.

In an actual battery, the working fluid for direct contact cooling is very limited, and
fluid ensuring electrical insulation, non-toxicity, temperature resistance, and chemical
stability must be used [30]. However, notwithstanding such disadvantages, direct contact
cooling minimizes thermal resistance between the battery and the cooling fluid compared
to indirect contact, thus showing an efficient cooling performance, and particularly, it is an
effective method for dissipating heat from the battery even at a high battery heating value.
Moreover, it is a cooling system that can be a based model for utilizing heat pipes and PCM
cooling methods.
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However, despite these shortcomings, direct contact cooling exhibits efficient cooling
performance by minimizing the thermal resistance between the battery and the cooling
fluid compared to indirect contact and is an effective way to dissipate heat from the battery,
especially even at a high battery heating value. To increase the mileage of the electric vehicle,
a large number of batteries must be installed in a limited space than before, thus excellent
battery cooling performance is essentially required. Due to the dense arrangement of the
battery, it is necessary to micronize the cooling plate and the cooling structure in order to
utilize the indirect contact cooling method. Micronization of the cooling structure increases
the pressure drop and requires high pump power consumption. On the other hand, the
direct contact cooling method can efficiently manage battery heat due to a decrease in
thermal resistance between the battery and the working fluid.

In this study, to evaluate the possibility of introducing the direct contact cooling
method to the electric vehicle thermal management system, candidates for the working
fluid (silicone oil, transformer oil, HFE-6120, R134a), considering the cost and their cooling
performances, were investigated. In addition, the influence of the number and arrangement
of inlet and outlet ports was evaluated to improve the battery cooling performance by
optimization of the limited space of space. Finally, since the external air temperature
affects the battery cooling system, the battery cooling performance according to the external
air temperature was evaluated. This study is expected to contribute to the practical and
efficient design for the BTMS of electric vehicles through a comprehensive analysis of the
cooling performance and cost of working fluid of the direct contact cooling method.

2. Numerical Methodology
2.1. Battery and Cooling System Modeling

This study analyzed the cooling performance of the battery using ANSYS
Fluent 2021 R2 [32]. Figure 1 shows a battery module model and fluid volume for analy-
sis according to the change in the number of ports of the working fluid in the battery module.
In this study, the cooling performance was studied by changing the number of inlet and
outlet ports of the battery module to 1, 2, and 3. The battery model used for the analysis
was a cylindrical 21700 battery, which has a capacity of 4.95 Ah and was designed with a
total number of 96. The battery module in Figure 1 was designed to have a battery size of
21 mm (D) x 70 mm (H), a battery holder size of 181.6 mm (L) x 276.4 mm (W) x 14.5 mm (H),
and a battery cooling block size of 183.6 mm (L) x 273.4 mm (W) x 72 mm (H). The gap
between the batteries is maintained at 1.2 mm. For the analysis under the same flow conditions,

the flow rate flowing into each port was designed as Q in Figure 1a, and the flow rate entering

from Figure 1b,c to each port was designed as Q/2 and Q/3 of the flow rate flowing into in
Figure 1a, respectively, to perform the analysis. Figure 1d shows the volume of fluid flowing
through the battery cooling block in the model with three ports. In addition, Table 1 shows the
thermal properties of each component of the battery module applied in this study.

The cooling performance and battery temperature distribution depending on the
change of working fluid were analyzed to select a suitable working fluid for cooling in a
battery module with a single port before evaluating the cooling performance according
to the change of inlet and outlet ports of the battery block. The types of working fluids
applied to the analysis are silicone oil, TO, HFE-6120, and R134a, and each working fluid
was selected based on the working fluids used in the previous study [25,29-31]. R1234yf
and R1234ze as new generation refrigerants are used as alternative refrigerants for R134a.
The GWP for R1234yf, R1234ze, and R134a is 4, 7, and 1430, respectively, thus R134a
has a higher GWP than R1234yf and R1234ze. However, R1234yf and R1234ze have
flammability. Moreover, they are very expensive compared to other refrigerants such as
R134a. In addition, the price of the working fluid is important to utilize the direct contact
cooling method because the direct contact cooling method has a wider space for the fluid
to flow compared to the existing indirect contact cooling method. Therefore, R1234yf
and R1324ze as working fluids in the direct contact cooling method are excluded in this
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study [34]. Accordingly, R134a was selected as the working fluid candidate group for
direct contact cooling.

/ovullct

Q)

(d)

Figure 1. Modeling of the battery module according to the port number: (a) Port = 1; (b) Port = 2;
(c) Port = 3; (d) Fluid volume at port 3.

Table 1. Thermo-physical properties of the battery module [33].

Parameters Battery Battery Holder Battery Cooling Block
Density (kg m3) 2525.5 1200 2719
Specific heat (J kg~! °C™1) 10405 +229 x T 1250 871
Thermal conductivity (W m~! °C~1) 23.6 0.2 202.4

Table 2 shows the typical thermal properties and cost of working fluids applied in
this study. The silicone oil [29] is obtained at an operating temperature of 17 °C, TO [30]
is obtained at an operating temperature of 20 °C, and HFE-6120 [25] is obtained at an
operating temperature of 21 °C. In general, the thermal properties of working fluids
change according to temperature. Thus, thermal properties should be applied according to
temperature. In addition, the cost of working fluid was confirmed as R134a showed the
lowest cost at $41/kg [35], while silicon oil showed the highest cost at $245/kg [36]. The
selected working fluids for the batter thermal system were analyzed based on the model
presented in Figure 1a to select the recommendable working fluid for battery cooling. A
model optimized for battery thermal management was derived with the analysis of the
cooling performance of various ports and header width. The width of the header applied
in this study was applied equally to both the inlet and outlet, and the header width was
changed to 0 mm, 5 mm, and 10 mm to be analyzed. Figure 2 shows a model with a header
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width of 0 mm and 5 mm to consider the battery cooling performance according to the

header width change.

Table 2. Thermo-physical properties and cost of the working fluid [25,29,30,35-38].

Parameters Silicone Oil TO HFE-6120 R134a

Density (kg m~3) 965 820 1600 (—=1.20 x 1072) x T? — 3.28 x T + 1297.94

Specific heat (J kg~! °C™1) 2490 2530 1170 (3.62 x 1072) x T2 +2.52 x T + 1336.14
—6 2 —4
Thermal conductivity (W m~! °C~1) 0.16 0.3875 0.23 (—1.42 % 1077) x To 1*0(4'29 x107%) x T+
o 1.83 x 1078) x T? + (=340 x 107%) x T +
.0082 .001 (

Viscosity (Pa s) 50 0.008 0.0019 (269 x 10-4)

Cost ($ kg™1) 245 81.68 217 41

£ OO

)
D\E

Q)
Q
/\f\C

NS

2’8

\

0000

Q0230
)

3333
O

¢ \Q‘\/

30 mm 273 mm
30 mm S mm 273 mm 5 mm
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Figure 2. Modeling of the battery module according to the changing header width: (a) Header width = 0 mm;
(b) Header width = 5 mm.

2.2. Governing Equation and Boundary Conditions

In the direct cooling system, the heat dissipation of the battery is achieved by direct
heat exchange between the battery and working fluid and has a very complex structure.
Therefore, in order to simplify the analysis, the following assumption was made.

(1) There is no phase change in the interpretation of this analysis.

(2) Itis assumed that the working fluid is filled with the cooling model, and there is no air.
(3) Thermal resistance and radiation are not considered.

(4) The working fluid is incompressible.

The equation of energy generated in a battery cell is as follows [39].

ATy,
PvaCva—=, ot _Abav Tba +q (1)

where T, p, and c are temperature, density, and specific heat capacity of the battery, respec-
tively. A and g are thermal conductivity and volumetric heat generation rate of battery
(subscript ba), respectively.

The equation of heat generated in a battery (Qg.n) is as follows [40,41].

ancv

Qgen = Qir + Qre = IZR aT

)
where Qgen, Qir, and Qy, represent total heat generation, irreversible heat and reversible
heat of battery cell, respectively. I and R represent discharge/charge current and equivalent
internal resistance of the battery cell, respectively. T represents the battery temperature.
dUpcy/dT represents the temperature coefficient of open-circuit voltage.
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The mass, momentum, and energy balance equations of the governing equations of
working fluid in the battery module are as follows [31].

dp
S Ve(pug ) =0 ®)
d
5 (0wg ) + V-(pusuh) + VP = pg )
d
g(owcwawf) + V(owcwf;wa) = _v(/\wfVwa) @)

where 1, P, and g are velocity, static pressure, and gravitational acceleration (subscript wf),
respectively.

In addition, the cooling capacity of the cooling system for controlling the battery
heating value is calculated as follows.

Q= mcwf(Tout - Tin) (6)

where m is mass flow rate, Q is cooling capacity, while T,,; and T}, are outlet temperature
and inlet temperature of working fluid, respectively.

In the battery cooling block, the theoretical pump power is assumed to be 100%
efficiency, and the pump power required at this time can be expressed by the following
simple equation.

Wpump = APQ (7)

where Wy, is pump power, AP is the pressure drop between the inlet and the outlet

pressure of the cooling plate, and Q is the flow rate.

In this study, there are four types of fluids considered as working fluids in the battery
cooling block, among which silicone oil, TO, and HFE-6120 are shown as Reynolds number
Re <2300, in which a Laminar flow model is applied. An R134a, Re > 2300, is applied to
a realizable k-e turbulence model. In addition, this study applied 1 Ipm (L/min), 3 Ipm,
and 5 lpm to the flow rates of working fluid and set the outdoor air temperature, the
temperatures of the initial battery system, and the inlet of working fluid to 25 °C. Here, the
convective heat transfer coefficient for the ambient air was 10 W/m-K [42]. The battery
charge/discharge rate applied to the analysis and verification experiments was applied
at a 2 C-rate. In addition, when a direct contact battery cooling block was applied to
the summer, the temperature distribution characteristics and cooling performance of the
battery were additionally reviewed under outdoor air and inlet temperature of working
fluid of 35 °C [43,44] based on the developed analysis model.

2.3. Grid Independence Test

The analysis for evaluating grid independence was conducted by applying refrigerant
R134a fluid at initial battery temperature, outdoor air temperature, and coolant inlet
temperature at 25 °C when the number of the port was 1 and the flow rate was 1 lpm.
Figure 3 shows the change in pressure drop in the battery module according to the number
of meshes. When the initial number of meshes was 3,885,580, the pressure drop decreased
rapidly from 33.68 Pa, and even if the number of meshes increased further from 4,063,590
to 33.14 Pa, the pressure drop did not increase and converge as a result. Therefore, this
study analyzed the battery temperature and cooling performance of the battery cooling
block using 4,063,590 meshes.

2.4. Verification Experiment Setup and Method

An experiment was conducted on cooling during battery charging and discharging in
order to verify the reliability of the analysis model used, and a schematic diagram of the
experimental apparatus was shown in Figure 4. As shown in Figure 4a, the experimental
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apparatus for verification consists of Power supply (PNE Solution Co., Suwon, Korea,
Uncertainty: +0.1%), Data acquisition (GRAPHTEC Co., Yokohama, Japan, Uncertainty:
£0.5%), computer, temperature chamber, 1 serial x 16 parallel (1516P) battery module,
T-type thermal couple (Omega Co., Techlink, Singapore, Uncertainty: +0.5). As a condition
for the battery charge/discharge experiment, the experiment was carried out under 2 C-rate
conditions after maintaining the ambient temperature at 25 °C. 1516P battery module has a
capacity of 80 Ah and consists of a battery holder, a busbar, and a 21,700 battery. Figure 4a
shows the location of the T-type thermocouple attached to the battery module. A total of
nine thermocouples were used. Three thermocouples were installed at the top, middle, and
bottom of the battery, and the average temperature of the battery was used. The presented
experiment results are the average value of 5 repeated experiments, and the error of the
obtained temperature is 6.43%.
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Figure 3. Grid independence according to mesh elements.
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Figure 4. Verification experimental setup: (a) Schematic diagram of experimental setup; (b) 1516P

battery module.
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3. Results and Discussion
3.1. Verification of Battery Analytical Model

A change in temperature of the battery according to the time under the 2 C-rate
discharging condition is shown in Figure 5. Figure 5a shows a change in the average tem-
perature of each of the three thermocouples located at the upper end (T_01, 04, 07), middle
end (T_02, 05, 08), and bottom end (T_03, 06, 09) under natural convection condition. When
discharging was performed for 1800 s under 2 C-rate conditions, the battery temperature
continued to rise over time, and the average temperature at the top, middle, and bottom
ends of the battery was 52.3 °C, 60.2 °C, and 54.2 °C, respectively. Heat is generated by a
chemical reaction internal cell during the charging and discharging of the battery cell. The
temperature in the middle of the battery during discharging was the highest, and the top
and bottom parts of the battery showed almost the same temperature. Since the heat is
generated by a chemical reaction in the battery cell, the temperature farther from the center
of the battery cell is lower than that at the center. It is confirmed that a similar temperature
distribution was also observed in the verification experiment on the heat generation of the
battery cell. To compare the experimental and analysis results of the 1516P battery module
when the natural convection cooling method was applied under the same conditions, the
MXT of the battery was compared and presented in Figure 5b. The MXT of the battery
was 58.3 °C and 60.5 °C, respectively, in the analysis and experiment when the time of
discharge reached 1800 s. In addition, the change in the MXT of the battery over time
showed a similar tendency, and the average error rate of the MXT over time was 2.09%,
verifying the reliability of the battery analysis model used in this study.

60

40

20

Top(01, 04, 07) 2 C-rate Discharging 80 - 20
—— Middle(02, 05, 08) Tmax’ba . —®— Experimental —®— Simulation
Bottom(03, 06, 09) Error ratio : [N

15
60

Trasa (°C)
Error ratio (%)

40

20 -

T
0 300

0 300 600 900 1200 1500 1800

T T T T T
600 900 1200 1500 1800
Time (s) Time (s)

(a) (b)

Figure 5. Battery temperature variation under 2 C-rate discharge condition: (a) Average temper-
ature according to time; (b) Comparison of MXT according to time between experimental and
simulation results.

3.2. Cooling Performance according to the Working Fluid

The cooling performance and temperature distribution according to the change of
working fluid were analyzed by applying a battery module with a single port, as illustrated
in Figure 1a, to select a suitable working fluid necessary for cooling the battery module. The
initial, ambient, and inlet temperature was 25 °C, and the flow rate of the working fluid was
1 lpm, and Figure 6 illustrates the battery temperature, pressure drop of the battery cooling
block, and cooling performance depending on the change of the working fluid. Figure 6a,b
show the MXT and a TD between the batteries according to the change of the working fluid.
When discharging for 30 min under natural convection conditions without cooling using
working fluid, the MXT of the battery was 58.3 °C, and in the battery cooling block, when
the working fluids were silicone o0il, TO, HFE-120, and R134a, the MXT of the battery was
35.3 °C, 35.1 °C, 34.9 °C, and 35.9 °C, respectively. In addition, as presented in Figure 6b,
the TD between batteries were 8.56 °C, 9.20 °C, 9.6,3 °C, and 10.30 °C, respectively, and
the TD between batteries was the largest in the order of R134a, HFE-6120, TO and silicone
oil. Based on the analysis results, HFE-6120 was the most suitable fluid for managing the
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80

MXT of the battery, and silicone oil was the most suitable for managing the TD between
batteries.
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Figure 6. Variation of cooling performance according to working fluids: (a) MXT of battery according
to time; (b) TD of battery according to time; (c) Pressure drop and pump power for different working
fluids; (d) Outlet temperature and cooling capacity for different working fluids.

Figure 6¢c shows a comparison of pressure drop and pump power for each working
fluid in the battery module. Silicone oil, TO, HFE-6120, and R134a were applied, and the
pressure drop of the battery cooling block was 564 kPa, 0.45 kPa, 0.08 kPa, and 0.03 kPa,
respectively, and the power required for the pump was 9422 mW, 0.08 mW, 1.33 mW,
and 0.55 mW. The pressure drop for each working fluid is in the order of silicon oil, TO,
HFE-6120, and R134a. Since the silicone oil and TO, has a higher viscosity than R134a and
HFE-6120, the use of such a large viscosity leads to a decrease in the performance and
capacity of an electric vehicle or battery system. Figure 6d shows the outlet temperature
and cooling capacity of the battery cooling block for each working fluid. When silicon oil,
TO, HFE-6120, and R134a are applied, the outlet temperatures of the battery cooling block
are 31.0 °C, 32.2°C, 33.2 °C, and 33.8 °C, respectively, followed by order of R134a HFE-6120,
TO, and silicone oil. In addition, the cooling capacity of the battery cooling block was
207.5W, 213.9 W, 220.6 W, 216.1 W, respectively, in the order of HFE-6120, R134a, TO, and
silicone oil. This difference is caused by the thermal properties of each working fluid, and
it is determined that HFE-6120 and R134a, excluding silicone o0il and TO, which consume
a large pump power, are appropriate cooling fluids. As a result, the cooling capacity of
HFE-6120 and R134a was 4.47 W, indicating that HFE-6120 showed slightly greater cooling
performance, but HFE-6120 generated 0.8 mW more power. However, HFE-6120 is a newly
developed material, and the price of HFE-7000 is $217/kg [37], 5.29 times higher than
R134a, which is $41.0/kg [35]. Therefore, this study comprehensively considered cooling
performance, the power required, and the economic aspect and selected R134a as a working
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fluid to cool the direct contact single phase of the battery module. The cooling performance
according to variables is considered analytically.

3.3. Cooling Performance according to the Number of Port and Header Width Using R134a

The cooling performance according to the number of inlet and outlet ports of the
battery cooling block and the change in the width of the inlet and outlet headers was
studied using R134a selected through the analysis results as the working fluid. The number
of ports of the battery cooling block was changed to 1, 2, and 3, and the width of the
inlet/outlet header was changed to 0 mm, 5 mm, and 10 mm (as shown in Figure 2) to
perform the analysis. The results are shown in Figure 7. Figure 7a,b show the MXT of
the battery and a TD between the batteries according to the change of width. In addition,
Figure 7c,d show the pressure drop and cooling capacity of R134a in the battery cooling
block. As the header width increased from 0 mm to 10 mm in a single port, the MXT
of the battery and the TD between batteries were higher in the order of the models with
header widths of 10 mm, 5 mm, and 0 mm, whereas the pressure drop of the battery
cooling block and the cooling capacity showed the largest value in the order of header
width 0 mm, 5 mm, and 10 mm. The pressure drop of the battery cooling block in a single
port decreases to 10.2 mm/s, 9.19 mm/s, and 8.43 mm/s, respectively, when the header
widths are 0 mm, 5 mm, and 10 mm, the maximum temperature difference between the
batteries increases, while the pressure drop decreases to 33.1 Pa, 20.1 Pa, and 18.9 Pa,
respectively. Thus, when the battery cooling block has a single port, the increase in the
width of the inlet/outlet header has a negative effect on the battery thermal management.
The best cooling performance was shown when the header width was 0 mm. In addition,
when there are two ports, the MXT of the battery, the TD between batteries, and the cooling
capacity of the battery cooling block were significantly higher in the order of 10 mm, 0 mm,
and 5 mm. At the same time, the pressure drop was more significant in the order of 0 mm,
5 mm, and 10 mm. For a single port, the header width of 0 mm showed the best cooling
performance, whereas for two ports, the header width of 5 mm showed the best cooling
performance. With two ports and 0 mm header width, the cooling fluid does not flow in
the center of the outlet and shows a dead zone where the cooling fluid stagnates. Battery
cooling by increasing the number of headers is related to the fluid inflow characteristics
according to the location of the header. In the battery cooling structure, the distance
between the inlet and the battery is very close. Therefore, a smooth distribution of working
fluid does not occur when the working fluid enters the cooling area. Therefore, the working
fluid flows to the side with relatively little flow resistance, and the battery located in the
center cannot be cooled sufficiently. Due to the difference in the number of ports, there is a
difference in entering velocity from the inlet port to the battery cooling area. Therefore, the
effect of reducing the flow resistance by the header width is different. As the number of
ports increases, entering velocity is slow. The flow resistance through the batteries decreases
and the flow of fluid into the center becomes smooth. Due to uniform flow velocity, the
cooling performance increases. On the other hand, when the number of ports is two, the
inlet port is located on the side. Therefore, the fluid flows smoothly due to the collision of
the fluid flow in the center. When the header width of the cooling structure with 3 ports
exceeds 5 mm, the flow resistance to the side is lower than the flow resistance in the center.
Thus, the battery cooling performance is reduced due to the non-uniformity of the fluid
flow distribution.

When the number of inlet/outlet ports is two, the flow phenomenon at the outlet side
can be identified in Figure 8. Figure 8 shows the temperature and velocity distribution
according to the change in header width in the battery cooling block with two ports. In
header widths 0 mm, 5 mm, and 10 mm, the MXT of the battery all showed in the red zone
of the outlet, and the temperatures were 39.0 °C, 38.7 °C, and 41.0 °C, respectively. At
header widths 0 mm, 5 mm, and 10 mm, the velocity of R134a in the battery cooling block
was 88.2 mm/s, 76.4 mm/s, and 75.7 mm/s, respectively. When header width is 0 mm, a
space in the inlet and outlet is narrow, so the flow rate of cooling fluid flows along the wall
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of the blue zone is higher than that of an internal battery, so the fluid velocity on the wall is
faster than in a case where a header width is 5 mm or 10 mm. This phenomenon has been
verified in Figure 8D-F. These figures enlarged the velocity distribution of the red zone,
showing the MXT of the battery. The maximum velocity in the red zone at header widths
of 0 mm, 5 mm, and 10 mm were 15.3 mm/s, 18.8 mm/s, and 18.9 mm/s, respectively,
which were much lower than the average velocity. As the header width increases from
0 mm to 5 mm, the maximum velocity of R134a in the battery cooling block decreases to
11.8 mm/s. Still, the maximum velocity in the red zone increases to 3.50 mm/s, so the
cooling effect between the batteries increases. As a result, the MXT of the battery and the
TD between the batteries decreased by 0.32 °C and 0.47 °C, respectively. However, when
the header width increases from 5 mm to 10 mm, the maximum velocity of R134a in the
battery cooling block decreases by 0.66 mm/s, and the maximum velocity of the red zone
increases by 0.14 mm/s. This is because the inlet/outlet space increases due to an increase
in header width, and a stagnation section at the rear surface of the battery increases due
to a low velocity of R134a, so the MXT of the battery increases by 2.36 °C and 2.44 °C,
respectively. In addition, the cooling capacity of the battery cooling block was decreased by
3.84 W, which adversely affected the battery thermal management. These results verified
that a model with a header width of 5 mm showed the best cooling performance in a
model with two ports of the battery cooling block. A model with two ports showed a better
maintenance cost because of a smaller pressure drop compared to a model with a single
port, but a model with two ports and a battery with a maximum temperature difference
showed a smaller cooling capacity in the same header width than a model with a single
port and three ports.
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Figure 7. Comparison of cooling performance according to header width: (a) MXT of battery for
different header width; (b) TD of battery for different header width; (c) Pressure drop for different
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Figure 8. Temperature and velocity distribution according to header width at the battery cooling block
with port 2: (a) Temperature contour at 0 mm; (b) Temperature contour at 5 mm; (c) Temperature
contour at 10 mm; (d) Velocity contour at 0 mm; (e) Velocity contour at 5 mm; (f) Velocity contour
at 10 mm.

When the number of ports in the battery cooling block is three and the header width
increases from 0 to 10 mm, the MXT of the battery is higher in the order of the models
with header widths of 10 mm, 5 mm, and 0 mm, and the TD between the batteries is
10 mm, 0 mm and 5 mm model showed the highest temperature, and the pressure drop
and cooling capacity of the battery cooling block showed the largest values in the order of
0 mm, 5 mm, and 10 mm models. As the header width increased from 0 mm to 5 mm, the
MXT of the battery increased by 0.03 °C, while the cooling capacity decreased by 0.12 W,
which had a negative effect on the battery performance. However, the TD and pressure
drop between the batteries was 0.11 °C and 0.79 Pa decreased, showing excellent cooling
performance. This is because, as illustrated in Figure 8, the increase in header width from
0 mm to 5 mm resolves the flow of fluid that has been stagnant at the center of the outlet
and reduces the TD and pressure drop between batteries, thereby having a positive effect
on BTMS. On the other hand, as the header width increases from 5 mm to 10 mm, the
MXT of the battery and the TD between the batteries increase by 0.33 °C and 0.24 °C, and
the cooling capacity of the battery cooling block decreases by 1.60 W, which degrades
the cooling performance. As a result, it was found to have an adverse effect on battery
thermal management. A pressure drop of the battery cooling block decreased by 0.2 Pa
from 7.57 Pa, but as the MXT of the battery and the TD between the batteries increases,
and the cooling capacity decreases, under the condition of having three ports, a model
with a header width of 10 mm is relatively inefficient, and a header width of 5 mm having
three ports is the most effective model for the battery thermal management. As a result of
analysis according to various condition changes, the model with the best battery cooling



Batteries 2022, 8, 195

14 of 19

performance was found to have a header width of 0 mm for a single port and a header
width of 5 mm for three ports, and when comparing the performance under two conditions,
the MXT of the battery and the pressure drops of the battery cooling block was 35.9 °C,
33.1 Pa, and 37.9 °C, 7.57 Pa, respectively. In other words, under the condition of having a
single port, the MXT of the battery was lower than in the condition of having three ports,
but the pressure drop of the battery cooling block increased by approximately 4.38 times In
both cases, a battery cooling block with a header width of 5 mm was selected as the optimal
model considering a pressure drop that significantly affects maintenance cost, because the
MXT of the battery is maintained under a safe operating temperature, which was below
40 °C. Based on the selected model, the battery temperature and cooling performance were
compared depending on the change of the working fluid flow rate under the standard
conditions of 25 °C and summer conditions of 35 °C, and the flow rate conditions were
analyzed to maintain the safe operation management temperature of the battery in summer.

3.4. Comparison of Cooling Performance according to the Flow Rate of R134a under Standard and
Summer Conditions

This study selected R134a as the working fluid through analysis according to changes
in the working fluid, number of inlet and outlet ports, and header width. It was verified
that a model with three ports of battery cooling block and 5 mm header width had the best
cooling performance. The analysis was performed assuming that the initial temperature of
the battery cooling block and inlet temperature of the working fluid, and the outside air
temperature are 25 °C and 35 °C, respectively, to compare the battery cooling performance
under standard and summer conditions. In addition, by changing the flow rate of R134a,
which is the working fluid, the flow rate of the working fluid to maintain the MXT of the
battery, which is the safe operation management temperature of the battery, 40 °C, and
the TD between the batteries of 5 °C or less were verified. Figure 9 shows the comparison
of cooling performance according to the flow rate change of R134a in the model with
three inlet and outlet ports. Figure 9a shows the MXT of the battery according to the
discharging time under standard and summer conditions. When the flow rate of R134a
was 1, 3, and 5 lpm under standard and summer conditions, the MXT of the battery at
30 min of discharging time was 38.0 °C, 30.5 °C, 28.7 °C, and 48.0 °C, 40.5 °C, and 38.8 °C,
respectively. In the case of standard conditions, the MXT of the battery was below the safe
operating temperature of 40 °C under all flow conditions, indicating stable performance for
the battery thermal management. However, in summer conditions, the MXT of the battery
was 40 °C or higher at 1 lpm and 3 Ipm except for 5 lpm, confirming that the battery cooling
system was not suitable for thermal management. Figure 9b shows the MXT of the battery
and a TD between batteries according to outdoor air conditions. When the discharging
time reaches 30 min, and the flow rate of R134a is 1 lpm, 3 Ipm, and 5 Ipm under standard
and summer conditions, the TD between the batteries was 11.6 °C, 4.91 °C, 3.28 °C, and
11.6 °C, 11.6 °C, 4.85 °C, 3.27 °C, respectively. Depending on the change in the outdoor air
conditions, the variation in the TD between batteries at 3 lpm flow rate of the same working
fluid was at the maximum of 0.06 °C. In addition, at 1 Ipm, the TD between batteries in both
standard and summer conditions was 6.63 °C and 6.61 °C, which is significantly higher
than 5 °C, verifying that it is not suitable for battery thermal management. However, under
the condition that the flow rate of R134a is 3 Ipm or more, the TD between batteries is
maintained at 5 °C or lower, verifying that the flow rate condition is suitable for the battery
thermal management.

Figure 9¢ shows the pressure drop of the battery cooling block according to the change
in the outdoor air condition. When the discharge time reached 30 min, as the flow rate of
R134a increased to 1 lpm, 3 Ipm, and 5 Ipm under standard and summer conditions, the
pressure drop of the battery cooling block was 7.57 Pa, 45.5 Pa, 124 Pa, and 6.82 Pa, 41.7 Pa,
and 103 Pa, respectively, and the required power of the pump was 0.13 mW, 2.27 mW,
10.4 mW, and 0.11 mW, 2.09 mW, and 8.58 mW, respectively. When the flow rate of R134a
was 1 lpm, 3 Ipm, and 5 lpm, the difference in pressure drop of the battery cooling block
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was 0.75 Pa, 3.75 Pa, and 21.4 Pa as the ambient temperature changed from 25 °C to 35 °C.
The pressure drop varies greatly depending on the change in ambient temperature because
the density of R134a, which is directly proportional to the pressure drop, decreases as the
temperature increases [45]. Therefore, an increase in the flow rate of working fluid leads
to a pressure drop in the battery cooling block, which is proportional to an increase in the
power required by the pump, so the flow rate of appropriate cooling fluid for cooling has to
be controlled The outside temperature increases the inlet temperature of the battery cooling
system. Accordingly, the viscosity of the working fluid decreases due to the increased
temperature of the working fluid, and the pressure drop also decreases. However, it does
not significantly affect the cooling performance of the battery cooling system. In Figure 9d,
the cooling capacity of the battery cooling block according to the outdoor conditions is
shown according to the change in the flow rate of R134a. When the discharging time
reached 30 min, the cooling capacity of the battery cooling block was 215.9 W, 221.5 W,
222.8 W, and 215.9 W, 221.5 W, 222.8 W, as the flow rate increased to 1 Ipm, 3 Ipm, and 5 lpm
under standard and summer conditions. This is because the outdoor temperature affects
the temperature of the surface of the battery cooling structure, but does not significantly
affect the temperature of the working fluid that affects cooling performance. Therefore, the
cooling performance is not significantly reduced.
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Figure 9. Comparison of cooling performance according to flow rate under 25 °C and 35 °C out-

door air conditions: (a) MXT of the battery according to time; (b) TD of the battery according
to time; (c) Pressure drop for different ambient temperatures; (d) Cooling capacity for different
ambient temperatures.

Figure 10 illustrates the temperature distribution of a battery module depending
on a change in flow rate when applying summer outdoor conditions in a model where
the number of ports of the battery cooling block is three and the header width is 5 mm.
In the red zone of all flow bands, the battery showed a high temperature distribution,
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and the blue zone showed a relatively low temperature distribution compared to the red
zone. The maximum velocity of R134a in the blue zone of the battery cooling block was
37.8 mm/s, 121 mm/s, and 220 mm/s when the flow rate was 1 Ipm, 3 Ipm, and 5 lpm,
respectively, and the maximum velocity in the red zone was 25.9 mm/s, 75.4 mm/s, and
139 mm/s, respectively. When the R134a flow rate of the battery cooling block was 1 Ipm,
3 Ipm, 5 lpm, the blue zone showed a relatively low temperature distribution because the
maximum velocity of the blue zone was 11.9 mm/s, 45.6 mm/s, and 81 mm/s faster than
the maximum velocity of the red zone. In addition, as the flow rate of R134a increases from
11pm to 3 Ipm and 5 lpm, the MXT of the battery decreases to 7.5 °C and 9.2 °C, respectively,
confirming that an increase in the flow rate of R134a could significantly reduce the MXT of
the battery. As a result of the analysis, according to the change in ambient temperature,
the TD between batteries was 5 °C or higher under the 1 Ipm condition of the flow rate of
R134a, which was not suitable for the battery thermal management condition. Under the
standard conditions of 25 °C, the MXT of the battery, which is a safe operation management
temperature of the battery, and the difference between batteries were maintained at 40 °C
and 5 °C or less, but as the pressure drop increases by about 2.74 times as the pressure
increases from 3 Ipm to 5 lpm, it is verified that 3 Ipm is the most suitable condition for
battery heat management under the standard conditions. However, in summer, unlike
standard conditions, the MXT of the battery and the TD between the batteries were 40.5 °C
and 4.91 °C, so the difference between batteries was maintained at 5 °C or lower, but the
MXT was 40 °C or higher, exceeding the safe operation management temperature of the
battery. Therefore, in the summer condition of 35 °C, the condition where the flow rate of
R134a is 5 Ipm was confirmed as a suitable condition for battery thermal management.
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Figure 10. Temperature variation of battery module according to the flow rate under 35 °C outdoor
air condition: (a) 11pm; (b) 3 Ipm; (c) 5 Ipm.

4. Conclusions

In this study, to examine the applicability of direct contact cooling, the cooling perfor-
mance characteristics of the working fluids (silicone oil, transformer oil, HFE-6120, R134a)
that can be recommended as direct contact cooling for the system with 96 batteries of 21700
type are analyzed and optimized. In addition, the effect on the number and arrangement of
the inlet and outlet ports was investigated. Finally, the influence of outside air temperature
on direct contact cooling was also studied. The main conclusions obtained through this
study are as follows.

(1) The analysis result of the different working fluids in direct contact cooling with a
single port verified that silicone oil and TO have a pressure drop and required power of
about ten times more than R134a and HFE-6120. In addition, among the studied working
fluids, HFE-6120 was found to have a cooling capacity of 4.47 W higher than that of R134a,
but the required power was 0.8 mW smaller than that of HFE-6120, showing a small
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maintenance ratio. In addition, among the four fluids, R134a, which has advantages in
terms of power requirement and price, has also been identified as a fluid for proper cooling
because the HFE-6120 has a price 5.29 times higher than that of R134a.

(2) As a result of the analysis of cooling performance and pressure drop according to
the number of ports and header width of the direct contact battery cooling block applied,
R134a, the cooling performance was lower than that of one and three ports. Analysis
showed that a model with excellent performance had a header width of 0 mm for one port
and 5 mm for three ports. A model with a header width of 5 mm for three ports had an
MXT of the battery of 2.08 °C. Still, the pressure drop was 4.38 times smaller, so it was
verified that the battery cooling block had an excellent cooling performance.

(3) Analysis results were obtained according to the flow rate change of R134a applying
the optimal model with respect to the number of ports and header width under standard
and summer conditions. The MXT and the TD between the batteries were 30.5 °C, 4.91 °C,
28.7 °C, and 3.28 °C, respectively, confirming that it is an appropriate refrigerant flow
condition for battery safety. However, as the battery pressure drop increases from 3 lpm
to 5 lpm, it increases 2.47 times, so 3 Ipm is more effective in terms of maintenance costs.
In addition, the MXT of the battery at 1 Ipm and 3 lpm, excluding 5 lpm, was 48.0 °C
and 40.5 °C, respectively, in the summer condition of 35 °C in outdoor air, which was not
suitable for battery thermal management. Therefore, it was verified that 5 Ipm or more is a
flow condition suitable for battery thermal management.
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Nomenclature

BTMS  Battery thermal management system u Voltage (V)

c Specific heat capacity (J/kg-°C) u Velocity, (m/s)

D Diameter (m) 144 Power

EES Engineering equation solver 1S16P 1 serial x 16 parallel
g Gravitational acceleration (m/s?)

H Height (m) Greek symbols

HVAC Heating, ventilation, and air conditioning 0 Density (kg/ m?3)

I Current (A) A Thermal conductivity (W/m-°C)
L Length, (m)

MXT  Maximum temperature of the battery (°C) Subscript

m Mass flow rate (kg/s) avg average

P Pressure (Pa) ba Battery

PCM  Phase change material in inlet

Q Flow rate (m>/s) ir irreversible heat

Q Heat generation rate (W) max Maximum

q Volumetric heat generation rate (W/m?) min Minimum

R Equivalent internal resistance, (2 pump  Pump

T Temperature (°C) re reversible heat

TD Temperature difference between batteries (°C) OCV  Open circuit voltage
TO Transformer oil wf Working fluid

t Time (s)
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